A printed loop antenna is designed to produce three distinct bands to cover six different frequency bands from UWB groups. Loop is fed using a printed BALUN transformer. The first band is available from 3.09 GHz to 4.44 GHz, the second band is available from 6.11 GHz to 7 GHz and the third band is available from 8.85 GHz to 10.5 GHz. The measured results are in good agreement with the simulated results. Frequency band from 3.0 GHz to 4.44 GHz covers UWB BAND-1 and BAND-2, the frequency band from 6.11 GHz to 7 GHz covers UWB BAND-7 and the last band from 8.85 GHz to 10.5 GHz covers UWB BAND-12, BAND-13, and BAND-14. Antenna rejects IEEE 802.11 Wi-Fi / WLAN band at 5.8 GHz.
1.
Introduction There is a continuous increase in the demand for more and more band with high data rate; therefore, UWB antennas have dragged attention of antenna researchers. Ultrawideband technology occupies a very large bandwidth and thus ensures the transmission of the larger data rate in the range of Gbps. In order to cover larger bands researchers have proposed different antennas to cover UWB frequency range from 3.1 GHz to 10.6 GHz. An UWB antenna senses all the frequency falling in its band but in order to reject busy channel and receive only free channels, multiband UWB antennas are preferred. Multiband antennas are antennas which generates multiple bands of interest. There can be different approaches to generate multiple bands: a) it is well known that the resonant frequency depends on impedance which in turn depends on the distribution of current in the antenna. Therefore multiband antennas can be designed using current reconfiguration techniques. Antenna current can be reconfigured by using electronic or electromechanical switches. b) Every antenna resonates at the designed fundamental frequency and its multiple frequencies.
This approach can be used to design a multiband antenna and is simpler than the approach (a). There are several approaches available in the literature to generate multiple bands in the loop antenna. A 3-D loop antenna with three tuning strips produces five different bands for the application in smartphones. These bands are considered for -6 dB reflections coefficient [1] . A similar loop antenna is proposed to cover GSM 850/900, DCS 1800, PCS 1900, UMTS 2100 and LTE 2300/2500 bands by introducing reconfigurability technique. These bands are generated with the help of RF switch which is connected to reactive elements to influence the bands [2] . Dual asymmetric Loop antennas are integrated to work on WLAN/WiMAX. To have a larger impedance bandwidth a nonuniform loop width is used along with ground traces [3] . Loop antenna with outer SRR and inner strip can be operated as multi-mode and wideband antenna. Outer SRR loop radiates for odd modes and inner Loop radiates for even modes thus the multimode operation is achieved [4] . A loop antenna added with capacitive gaps and a passive strip along with a passive loop of smaller dimension than the main loop improves the gain and bandwidth of conventional loop antenna. By optimizing the gap between the main loop and passive strip and passive loop the upper cut-off frequency can be improved [5] . A small non-planar dual-meander folded loop antenna along with a disc loaded monopole produces omnidirectional radiation pattern with radiation efficiency of 65% and bandwidth of 10.8%. Bandwidth is enhanced due to proximity coupling between meander loop and monopole [6] . All the antennas proposed in these literatures either have complicated 3-D shape of loop or array of the loop and other passive structures are used to generate multiple bands. In this paper, we are proposing a simple and planar structure of loop antenna which covers six different bands from UWB frequency range listed in figure 1. All the bands are generated without using any array or switch. Entire work is divided into four sections, section 2 covers the design of loop for a reference impedance of 125 Ω and development of folded CPS (coplanar strip line) line to feed balanced loop antenna. Section 3 covers interfacing of proposed antenna with BALUN transformer and finally section 4 covers the measurement of proposed antenna. 
2.
Antenna Configuration and Design Consideration Figure 1 shows the distribution of frequency spectrum of UWB. Each band is of 528 MHz wide, the centre frequency of each band is shown in the figure. In order to cover UWB, printed circular loop is chosen. UWB ranges from 3.1 GHz to 10.6 GHz, therefore, the dimension of the loop is chosen to cover this band. Theory suggests that a large loop antenna when operated at a wavelength near to the circumference of the loop, first resonance occurs at the chosen wavelength and other resonance occurs at multiple of this wavelength. Loop antenna with different wire radii offers different impedances [7] . Loop with circumference much lesser than wavelength typically λ/10 is treated as the small loop and is not a good radiator [8] . Simulation is performed using IE3D simulation software. The final antenna is also simulated using CST STUDIO SUITE for comparison sake. Theory suggests that the electrical characteristic i.e. impedance of wire loop antenna is the function of the thickness of the wire. This relation between the thickness of wire 2b and radius of the loop is referred as thickness factor (Ω).
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Where Ω is thickness factor, r is the radius of the loop. Figure 2 shows the graphical significance of thickness factor. Loop antenna is also categorized as a thin and a thick loop. The thin antenna has Ω larger than 9 and resonates at more than one frequency. The thick antenna is capacitive in nature with the advantage of having almost uniform resistance. Since antenna impedance depends on the thickness factor of the loop by varying thickness of loop, antenna bandwidth can be varied easily. The proposed antenna is a large loop as it is a good radiator. Least frequency of interest is 3 GHz in order to cover UWB range of 3.1 GHz to 10.6 GHz. The circumference of the loop is calculated using the following relation:
Where C is the circumference of the loop antenna in m, r is the radius of the loop in m, c is the speed of light in free space in m/s, f is the least frequency of loop in Hz. Considering the fact that multiband antenna resonates at multiple frequencies, the thin loop antenna is chosen for the proposed design. For conversion from wire to the printed antenna, wire thickness is changed into the width of the printed antenna using relation given in [9] :
Where w is the width of printed loop and b is the radius of the wire, Figure 2 .
In order to design printed loop, free space wavelength at 3 GHz is calculated and is 100 mm so the radius of the loop is approximately 15.9 mm, using relation (2) . For the design of antenna Duroid 5880 with the dielectric constant of 2.2 and thickness of 0.787 mm is chosen. To find out the optimum radius of the printed loop on Duroid 5880 to cover the least frequency of 3 GHz, the loop is simulated for different widths ranging from 0.4 mm to 0.8 mm. Loop radius is chosen as 13.2 mm only after multiple simulations. Ω ranges from 12.05 to 13.44 for the specified widths and radius of 13.2 mm. Thus the loop remains a thin loop antenna for all the widths considered and resonates at more than one frequency [7] . Variation in resistance and reactance w.r.t. to loop width is shown in Figure 3 . Simulated results for printed loop are well in accordance with the theoretical results of wire antenna. Loop with the radius of 13.2 mm and width of 4 mm is also simulated to show the characteristics of the thick loop antenna. Ω calculated is 8.8 and so the loop falls into the category of the thick loop. It can be observed in figure 3 that the resistance of the loop is uniform and is near to 60 Ω. Similarly, antenna reactance is capacitive and is nearly -100Ω for a larger band. So far it is observed that for a loop antenna under the category of the large loop as the width increases resistance and reactance of the loop decreases, figure  3 . This characteristic of the loop can be used to control the bandwidth of the antenna. To verify this property, the loop is also simulated for reflection coefficient for different widths ranging from 0.4 mm to 0.8 mm. The simulated result is shown in Figure 4 and the result is Table 2 (a) and 2 (b) tabulates the impact of the width of loop antenna on resonant frequency and resistance at the resonant frequency. The loop of width 0.6 mm produces a band of 550 MHz and 600 MHz and impedance ranges from 132 Ω to 182.56 Ω, Table 1 and Table 2 (a) respectively. Ω calculated using (1) for w = 0.6 mm is 12.63. Other widths of 0.7 mm and 0.8 mm also fulfil the requirement of the bandwidth of 528 MHz but the impedance is larger at the higher frequency, Table 1 and 
radius reduces the resonant frequency therefore by increasing the radius of the loop; lower cut off frequency of the second band can be reduced to cover band-7. But this leads to shifting of other bands and also causes an increase in the size of the loop. In order to improve the antenna performance to cover the two bands with the same radius a new feed is proposed and is shown in Figure 5 (a). New feed is the conventional CPS (coplanar stripline) only but with little modification in shape. Total length of the feed can be divided into i) folded length which is referred as folded feed and ii) main CPS feed referred as main feed, Figure 5 (a). Table 3 summarizes the effect of main feed for three different lengths of folded feed. It can be seen that for all feed lengths, lower frequency band remains almost same and is less than 500 MHz. Therefore this band is not useful. It is also observed from Table 3 that the middle band increases with increase in main feed line for all the cases. Third band increases with increase in the main feed line until feed length of 5.125 mm and then decreases as the feed length increases. The middle band for all the cases is more than 528 MHz and the third band is more than 1.056 GHz for most of the cases; therefore a total of three bands can be covered. In order to keep the antenna size as compact as possible, the total length of the modified feed can be chosen from one of the three cases. Table 3 shows that the middle band covers BAND-7 for all lengths from 4.125 mm to 6.125mm. BAND-13 has lower cut off frequency of 9.504 GHz and upper cut off frequency at 10.032 GHz whereas BAND-14 has the lower cut off frequency at 10.032 GHz and upper cut off frequency at 10.56 GHz. These ranges of frequencies are well covered by loop when main feed line is 5.125 mm. There is always a possibility that the measured result of implemented antenna deviates little from the simulated results. Therefore the feed lengths are chosen in such a way that the simulated bands are larger than the expected bands. As far as the size of the proposed loop is concerned, both the feed lengths (total length) with the main feed of 5.125 mm and 5.625 mm occupy the same area for the folded feed of 2.6 mm (case-1) and 3.1 mm (case-2) respectively. Since the folded feed for case-2 is larger by 0.5 mm w.r.t. 2.6 mm folded feed of case-1, it penetrates more into the loop by 0.5 mm, Figure 5 . Therefore the feed Table 3 and is of 5.125 mm. For this particular case, the third band is wider than the third band of main feed of 5.625mm. Other than this total physical length of the feed for case-1 is smaller than the total physical length of feed (main feed + folded feed + h) of case-2 and is (5.125 + 0.25 + 2.6) 7.975 mm. Thickness factor Ω of this loop is 12.63. The first band is of 430 MHz and is not useful since it is less than 528 MHz, Table. 3. In order to compare folded feeding technique with the conventional straight feed line, a printed loop of radius 13.2 mm with different lengths of straight feed line with a feed gap 'S' of 0.36 mm is simulated, Figure 5 . It can be observed that the entire feed remains outside the loop and thus the overall antenna occupies larger space than the proposed feed since the proposed feed has half of the length inside the loop and half outside it. Various bands generated by the loop with straight feed for reference impedance of 125 Ω are tabulated in Table 4 . It can be observed that when the feed length is 7.975 mm which is kept equal to the total feed length from proposed folded feed technique for optimum result, there are three -10 dB bands available. The first band is of 420 MHz wider and is not useful for the application. The second band is less than 1 GHz so covers a single band BAND-8. The third band covers BAND-14. Hence a total of two bands are covered which is less than the number of bands covered by the folded feed technique with loop of same radius of 13.2 mm. Larger length of the feed causes antenna to occupy larger area therefore to reduce the antenna area feed length is further reduced to 5.125 mm which is equal to the length of main feed from proposed feeding technique under the optimum result. For reduced feed length, first band remains almost similar to the earlier case, but the second band drops to 690 MHz and covers BAND-7. The upper band is increased and covers BAND-13 and BAND-14. Since antenna with feed 5.125 mm still occupies a larger area than the antenna with proposed feed, straight feed length is further reduced to 4.625 mm. For this feed length, antenna covers BAND-7, BAND-13, and BAND-14. But the antenna area is still larger and it can also be observed in Table 4 that the lower and upper cut off frequencies are very much close to the recommended cut off frequencies. Hence any manufacturing limitation may shift the measured cut off frequencies lesser than the expected one. Further reduction in feed length leads to the reduction in the number of bands covered and only band BAND-7 and BAND-13 are covered. The last case of the length of 2.525 mm is included here purposely since for this case area occupied by the loop with straight feed and folded feed are same. But loop with the straight feed of 2.525 fails to cover any of the bands. It can also be observed from Table 4 that the pattern of variation of all the three bands is similar to the pattern of variation of all the bands of Table 3 for the increasing feeding length.
The first band remains almost constant w.r.t. any increase in the feed line, second bandwidth increases with length and the third one first increases then decreases with increase in length.
Interfacing Loop with BALUN
Loop antenna is a balanced antenna and must be fed with a balanced feed. Since connectors available to feed any antenna are unbalanced in nature, a BALUN (balanced to unbalanced) transformer is required. There are different BALUNs available to feed balanced antenna such as taper BALUN [10] and compact BALUN [11] . Since the length of tapered BALUN is dependent on the mismatch between the reference impedance and the load impedance i.e. antenna impedance, BALUN is very large in size. In order to have a compact size of the antenna, instead of taper BALUN compact BALUN is used here. The structure of the BALUN is shown in Figure 6 along with the proposed loop. It can be observed in Figure 6 that the BALUN comprises of three sections: microstrip line MS which is unbalanced in nature, coupled microstrip line, then coplanar stripline which is balanced in nature. The width of the microstrip line is 2.42 mm for 50 Ω. Length of the microstrip line is chosen to accommodate SMA connector and is 5 mm. Length of the middle section is about one-fourth of the wavelength of the central frequency of 3.1 GHz -10.7 GHz. Length of the coupled microstrip line after multiple simulations is taken as 8 mm with a gap of 3.3 mm between them. Coplanar stripline is designed to have a characteristic impedance of 125 Ω. Length of the coplanar line is chosen to have smallest possible length while keeping loop antenna away from the ground plane. Length of the coplanar line is 10 mm. The gap between the coplanar lines is 0.2 mm. The smaller length of CPS brings antenna closer to the ground plane and the antenna loses its desired characteristics. Loop antenna is connected at the port Figure 7 shows the bandwidth of the BALUN when the impedance is 50 Ω at the port (1) and 125 Ω at the port (2) . It can be observed in Figure 7 that the BALUN covers a band from 2.66 GHz to 10.2 GHz. It also includes the simulated result of the reflection coefficient of the loop connected with BALUN transformer and loop without BALUN transformer. It can be observed that the loop antenna without BALUN produces three bands as discussed earlier but when it is connected with BALUN it produces 4 different -10 dB bands and covers seven different bands. The first band extends from 1.7 GHz to 1.85 GHz to cover GSM, the second is from 3.03 GHz to 4.34 GHz and covers BAND-1 and BAND-2. The third band ranges from 6.17 GHz to 7.02 GHz and covers BAND-7, the fourth ranges from 8.89 GHz to 11 GHz and it covers BAND-12, BAND-13, and BAND-14. When the loop is interfaced with BALUN three additional bands are generated. These bands are centred at 1.8 GHz, 3.9 GHz and 9.2 GHz. These bands are not present when the loop is not interconnected with BALUN. Possible reasons for the presence of these bands are discussed in next section. 
Measurement of Loop with BALUN
To check the validity of the proposed method loop is manufactured on Duroid 5880 and is tested using Agilent Technologies: N9916A VNA. The measured result is reproduced along with the simulated one in figure 9 . Figure 8 shows the photograph of the manufactured antenna. It can be observed in Figure 9 that four distinct -10 dB bands are available. the first one is available from 1.7 GHz to 1.85 GHz, the second from 3.094 GHz to 4.44 GHz, the third is available from 6.11 GHz to7 GHz and the final is available from 8.85 GHz to 10.5 GHz. Current distribution is presented in two different ways: a) distribution of current along circular loop with feed points 1, 2. b) same current distribution is reproduced along a straight line whose length equals to the length of the loop when it is open and made straight. First band available is at 1.8 GHz when the loop is interconnected with BALUN. Figure 10 (a) shows the current distribution in the loop when it is not interfaced with BALUN. A varying dotted line represents a varying magnitude of current and solid line with the arrow represents the direction of the current. Segment "a" and "b" contain current distribution in the same direction. Segment "a" acts as simple dipole of very small length w.r.t. free space wavelength of 166.67 mm at 1.8 GHz. Segment "a" is excited with source and segment "b" acts like a passive reflector as it is not directly connected with the source. Length of this reflector is almost of length λ/2 due to half-length current distribution as shown in Figure 10(a) . This arrangement leads to radiation towards feed only i.e. in -x direction. Distribution of current shows that the current is very small at feed point 1, 2. This small current leads to the poor match with the source and there is no band available when the loop in not connected with BALUN transformer. into the second arm of the BALUN. Therefore current can see twice of 18.5 mm length. Thus overall length of this entire structure becomes 37 mm + 95.95 mm (loop length with folded feed) = 132.95 mm, figure 11 . This length is almost equal to one wavelength at 1.8 GHz if effective dielectric constant of Duroid is taken into consideration. It is well known that loop with a circumference equal to one wavelength resonates at this wavelength and produces a band. Alternately it can also be explained w.r.t. current distribution. It can be observed that the current at point 2 is larger than the earlier case of the loop without BALUN, Figure 10 . BALUN length is 18.5 mm and is nearly λ/8 at 1.8 GHz. BALUN arm connected to point 2 shifts the phase of the current by 45 0 . Therefore the magnitude of the current at point 2 and at MS feed is equal and large enough to establish matched condition. Other than this shift in current distribution shifts the orientation of the radiation pattern by 90 0 . Current distribution confined to loop is similar to simple dipole but of curved shape, therefore, the radiation is omnidirectional and is aligned along the y-axis, figure  11 .
In the earlier case, the loop circumference was nearly half of the wavelength at 1.8 GHz. Free space wavelength at 3.4 GHz is almost equal to the circumference of the loop of 83 mm. Distribution of current along the loop is equal to one wavelength, Figure 12 Free space wavelength at 3.96 GHz is 76 mm and loop circumference is 83 mm, therefore, the loop is larger than the wavelength and current distribution is more than two half wavelengths as shown in Figure 13 (a). Length λ/4 is 19 mm and this length is close to the length of the BALUN. This quarter length shifts the phase of the low current available at point 2 by 90 0 to match the antenna with MS line. Current distribution along the loop can be divided in two parts "a-b" and part "c". Current distribution in part "a-b" is in the same direction but asymmetric w.r.t. feed at point 1, 2. When entire current distribution is viewed w.r.t. reference line it appears similar to the current distribution in a folded dipole. Radiation should be along ± z axis. But unequal current distribution in "a -b" segments of loop deviates the radiation away from ± z-axis, Figure 13 (b). It is also observed in Figure 13 (b) that there is radiation in (x, -y) direction. This is due to the asymmetric distribution of current in part "a -b". Part "b" is larger than "a" and contains larger current so the radiation is tilted more towards part "b". This gives radiation along ± z-axis and also in (x, -y) direction. Free space wavelength at 6.6 GHz is 45.45 mm. The circumference of the loop without the folded feed is 83 mm. Therefore it can be observed that there are more than three half cycles of current distribution along the loop. Radiation pattern can be explained w.r.t. the reference line passing through the centre of the loop. Part "a" and "b" can be viewed as folded dipole and similarly "d" and "c". These dipoles are formed along the reference line, Figure 14 The band at 9.2 GHz is available only if the loop is connected to the BALUN. Free space wavelength at this frequency is 32.6 mm. Loop circumference is 83 mm so able to accommodate more than two full wavelength current distributions and is clearly evident in the current distribution, Figure 15 (a).
Current distribution along the loop is viewed around the reference line as shown in Figure 15 (a) . Currents in part "a"-"b" and "c"-"e" can be viewed as array of folded dipole and in phase. This arrangement of currents should give radiation along the ±z axis but the involvement of "d" component alters the pattern and the radiation is available in (-x, y) and (x, y) directions as shown in radiation pattern, Figure 15 (b) . Nulls exist along the reference axis and between "a" -"b", "c"-"d" and "d"-"e".
It can be observed that the current at point 2 on the loop is very small. Folded feed whose length is 7.975 mm is approximately λ/4 in length and it transforms the current to maximum value at point j in Figure 15 (a). Length of the BALUN is 18.5 mm and is close to λ/2 in length at 9.2 GHz. It is well known that a load seen through a line of length λ/2 remains unchanged. Therefore a current maximum available at point j is also available to MS line feeding the BALUN and hence matching is achieved and an additional band is available at 9.2 GHz.
When the frequency is further increased to 9.7 GHz free space wavelength drops to 30.9 mm. The loop of circumference 83 mm can accommodate more than 2.5 wavelength current distributions and is shown in Figure 16 (a). Current distribution is similar to that of the earlier case of 9.2 GHz except for one more component of current due to increase in the frequency. Now there are total three pairs of half wavelength current distribution available. Current pairs "a"-"f" and "c"-"d" radiates along ±z axis as they are in phase but the additional pair "b"-"e" is opposite in phase and alters the pattern. The presence of current pair "b"-"e" improves the radiation in (x, y) direction compared to the earlier case of 9.2 GHz. The nulls are available along reference axis and between the two consecutive current components. Current distribution at 10.3 GHz is similar to that of current distribution at 9.7 GHz, Figure 17 (a). The only difference is that the current distribution is shifted in clock-wise direction w.r.t. the earlier current distribution. The impact of this rotation in current distribution is clearly visible in the radiation pattern, Figure 17 (b). Current component "a" and "d" is in opposite direction as compared to the remaining current components. This pair is responsible for deviating the radiation from ±z. Maximum radiation is available in (x, y) direction due to rotation of current components. Nulls are present along the reference axis and between all the consecutive current components. 
Conclusion
It is shown that multiple bands can be achieved using simple printed loop antenna without using the reconfigurable technique. A new folded feed is proposed to feed the balanced loop. This feed can be applied to any balanced antenna. The advantage of the feed is that it reduces onboard space. The proposed multi-band loop is capable to generate four distinct Copyright © 2018 Helix ISSN 2319 -5592 (Online) bands which cover six different bands from UWB group and one GSM band when interfaced with broadband printed BALUN transformer. The first band is available from 1.7 GHz to 1.85 GHz and covers upper GSM. The second band is from 3.09 GHz to 4.44 GHz and covers BAND-1 and BAND-2. The third band ranges from 6.11 GHz to 7 GHz and covers BAND-7, the fourth band ranges from 8.85 GHz to 10.5 GHz and it covers BAND-12, BAND-13, and BAND-14. It is also found that the antenna rejects IEEE 802.11 Wi-Fi / WLAN at 5.8 GHz. Complete analyses of the current distribution along the loop reveal that at higher frequencies antenna current does not remain uniform and the radiation pattern fluctuates. Therefore the proposed antenna cannot be used for all the six bands at a time but can be used only for three different bands at a time i.e. from 3 GHz to 7 GHz together and from 8.85 GHz to 10.5 GHz together as the second group. To improve the antenna performance to have constant radiation pattern, RIS (reactive impedance surface) or other metamaterials can be introduced along with the proposed loop antenna.
